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think you need advice from me. But 
since you asked, here is what I’d say: 
do research that interests you (if you 
aren’t interested, likely no one else 
will be either); don’t be afraid to take 
academic risks (that’s where the big 
payoffs are); don’t worry (too much) 
about being wrong (it happens); be 
prepared to learn things that you 
didn’t expect to have to know (you 
might be interested in behavior, 
but you might need to understand 
general linear models or do molecular 
genetics); listen to your advisors (but 
don’t always take their advice); and 
don’t think too far ahead (do good 
work, and the rest will fall into place).
What is your goal in teaching? 
When I first started teaching, I didn’t 
enjoy it much and I didn’t think I was 
very good at it. But over the years, 
I’ve become much more engaged 
in what happens in the classroom. 
My  goal is for every student to 
understand how evolution produces 
adaptation, and to instill in my 
students a deep appreciation of  how 
powerful and profound this process 
is.  They’ll forget all of the facts,  
but I hope they’ll hold on to this.
What is the biggest challenge 
for primatologists in the future? 
Primatologists face several daunting 
challenges. First, wild primate 
populations are in crisis all over 
the world. Habitat loss and the 
bushmeat trade pose grave dangers 
to primates. Once they are gone, 
we will be out of business. Second, 
it is getting more and more difficult 
to get funding for basic research 
in behavioral ecology. Long-term 
studies play a particularly important 
role in our field because primates 
have such long and complex lives. 
Even short gaps in funding produce 
big problems: staff aren’t paid, 
demographic data are lost, and 
longitudinal studies are disrupted. 
Third, exciting new questions for 
primatology are coming from many 
different directions: molecular 
genetics, behavioral economics, 
cognitive psychology, reproductive 
endocrinology, and so on. To answer 
these questions effectively, we have 
to master new methods, develop new 
skills, absorb new bodies of theory. 
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What is Lymnaea? The great 
pond snail Lymnaea stagnalis 
Linneus (L.) is fairly common in 
ponds, lakes and rivers throughout 
the northern continents of the 
world. The snails are light to dark 
brown in color, with a shell length 
of 3–5 cm (Figure ). They often 
congregate near the water surface 
where they feed on floating pond 
weed and respire aerially through 
a rudimentary lung. Locomotion 
is carried out by the coordinated 
front-to-back beating of cilia on 
the sole of the snail’s ‘foot’, with 
muscular contractions underlying 
shell movements and body-turning. 
Lymnaea has a fascinating sex life. 
It is a simultaneous hermaphrodite, 
but during mating behavior one 
individual acts as the male and the 
other the female. During oviposition, 
gelatinous egg masses, each 
containing 00 eggs or more, are 
deposited on the substrate and 
tiny snails in adult form eventually 
emerge without any free-living 
veliger larval stage. This makes 
it simple to breed snails in the 
laboratory, a major advantage for 
behavioral, neurobiological and 
molecular studies where large 
numbers of animals are required. 
Lymnaea likes sugar (Figure ), 
which can be used as a food 
reward in classical conditioning 
experiments.
What do biologists use Lymnaea 
for? Lymnaea is used in a 
surprisingly wide range of basic 
and applied biological research, 
from population ecology and 
host–parasite interactions to 
monitoring the effects of heavy 
metal pollution in lakes and rivers. It 
is, however, most frequently used to 
study a wide range of fundamental 
neurobiological problems, from 
peptidergic signalling through 
motor pattern generation to learning 
and memory and even aging of 
the nervous system. The compact 
central nervous system (CNS) 
Quick guideof Lymnaea, with its large (up to 
50 µm in diameter) and brightly-
pigmented orange neurons (~20,000 
in number) has been attractive to 
many neuroscientists interested 
in relating the molecular and 
electrical properties of neurons to 
behavior. Individual neurons can 
be identified as parts of defined 
behavioral circuits and their 
synaptic connectivities determined 
by electrophysiological recording. 
Early work focused on using 
Lymnaea giant neurons to analyse 
the biophysical properties of 
neurons and on the organization of 
neuroendocrine peptidergic neural 
networks. Since then, the neural 
networks underlying a variety of 
reflexive and rhythmic behaviors 
have been investigated, including 
feeding, respiration, defensive 
withdrawal, locomotion, gravity 
orientation and reproduction.
Neuropeptide genes and behavior. 
Lymnaea was an early model for 
neuroendocrine studies aimed 
at understanding the peptidergic 
control of growth and reproduction. 
A notable result was the cloning of 
the first invertebrate gene encoding 
insulin-like peptides produced by 
neurons known to be involved in 
growth regulation. A major advance 
in understanding the complexity 
of peptide signalling, pioneered 
in Lymnaea, was the use of mass 
spectrometry to identify multiple 
neuropeptides in single neurons; 
for example, in neurons expressing 
the FMRFamide gene, a total of 
3 different FMRFamide-related 
peptides were identified. A single 
Figure . Pond snails have a sweet tooth (or 
rather, radula). 
Floating upside down on the water surface, 
this specimen snacks happily on Brighton 
Rock. At the same time, it performs aerial 
respiration through its respiratory orifice, the 
pneumostome. Both behaviors are driven by 
well-identified CPG networks.























Figure 2. The synaptic ’wiring diagram’ of the rhythmically active feeding network in Lymnaea. 
All the cells labelled with letters and numbers are individually identified neurons. Dots indicate 
inhibitory chemical synapses, bars excitatory chemical synaptic connections and resistor 
symbols electrotonic (electrical) synapses. Modulatory function is indicated by orange. CPG 
interneurons and example motoneurons active in the three different phases of the feeding 
behavior and their synaptic connectivity are indicated by green, blue and pink.pair of identified heart motoneurons 
was found to co-release five 
different peptides, each with a 
distinct function in heartbeat control. 
This work revealed the remarkable 
sophistication of peptidergic 
signalling in the nervous system.
Central pattern generator 
circuits. Feeding and respiration 
are examples of rhythmic motor 
behavior that are generated by 
central pattern generators (CPGs). 
CPGs have been studied in many 
organisms, but the major emphasis 
in Lymnaea has been on relating 
the CPG circuitry to behavioral 
plasticity. Initially, the emphasis was 
on understanding the basic rhythm 
generating machinery — identifying 
the interneurons that form the CPG 
networks and describing their firing 
patterns and synaptic connectivity 
(Figure 2). A remarkable first was 
the isolation and growing of the 
three neurons of the respiratory 
CPG in culture to form a functional 
reconnected network that 
recapitulated the rhythmic firing 
pattern seen in the intact ganglia. 
Subsequently, it was realized that 
the CPGs are modified by several 
types of modulatory interneuron, 
which form part of a highly complex 
interconnected network with 
properties that underlie flexible 
responses to internal and external 
sensory stimuli. 
Recent work indicates that many 
Lymnaea neurons are multifunctional and that many properties 
traditionally attributed to one class 
of neuron are distributed across 
several neuronal types. For instance, 
feeding motoneurons play a role in 
rhythm generation via their coupling 
to CPG neurons (Figure 2). Another 
example involves the feeding CPG 
interneuron, N3t: as well as being 
a CPG interneuron (Figure 2), 
N3t is involved in the switching 
of behavior from quiescence to 
rhythmic feeding by changing its 
firing pattern. And the respiratory 
CPG neuron, RPeD, as well as 
being involved in triggering activity 
in the CPG network, is the locus for 
sensory integration from peripheral 
oxygen receptors and touch stimuli 
that modulate respiratory behavior 
as well as acting as a motoneuron 
for respiratory movements. This 
‘distributed’ organization of network 
function has been successfully 
modelled in a recent computational 
study of the feeding system.
Associative learning and 
memory. Lymnaea has provided 
neurobiologists with a valuable 
experimental model for top-down 
analyses of associative learning and 
memory. At the behavioral level, 
associative learning in Lymnaea 
and vertebrates share important 
characteristics, such as stimulus 
generalization and discriminative 
learning. In most training paradigms 
used on Lymnaea, long-term memory 
(LTM) forms after multiple trials, but it can also form after certain 
types of single-trial conditioning 
(‘flash-bulb memory’). All these 
relatively complex learning and 
memory processes are performed 
by a numerically simple nervous 
system. Using classical and operant 
conditioning of the feeding and 
respiratory behavior, respectively, 
insights have been gained into the 
cellular and molecular mechanisms 
of the consolidation, reconsolidation, 
extinction and forgetting of 
associative memory.
Conditioning-induced electrical 
changes have been recorded 
at a number of neuronal sites 
in the feeding and respiratory 
motor pattern generator circuits 
that are part of the long-term 
memory trace. These sites include 
sensory pathways, higher-order 
modulatory, command and central 
pattern generator interneurons and 
motoneurons. Both synaptic and 
non-synaptic forms of plasticity 
are involved in long-term memory 
formation, and the latter has been 
linked to learning-induced changes 
in a specific type of persistent 
sodium current in a key modulatory 
neuron of the feeding system — the 
cerebral giant cells (CGC; Figure 2). 
Molecular mechanisms of LTM 
have been shown to involve 
conserved signalling pathways — for  
example, NO–cGMP–PKG, cAMP–
PKA, CaM kinase II and MAP 
kinase — transcriptional regulation 
of gene expression by CREB and 
C/EBP, and new protein synthesis. 
Importantly, a number of molecular 
processes involved in LTM have been 
traced from the behavioral level to 
single identified neurons, for example 
a learning-induced upregulation of 
nitric oxide synthase 1 transcription 
in the CGCs. The importance 
of these molecular pathways in 
Lymnaea provides further evidence 
for the generality of these highly-
conserved mechanisms in learning, 
both across phylogenetic groups and 
across learning paradigms  
(non-associative or associative, 
single- or multitrial, aversive or 
reward, operant or classical).
Outlook. The detailed understanding 
of circuitries underlying the 
generation of well-defined 
behaviors in Lymnaea will now 
allow neuroscientists to answer 
important questions about how 
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before had prepared my eyes to 
behold this singular deception.”
After 75 years of research we now 
have some doubts as to whether the 
‘aftereffect’ has an apparent velocity 
equal to that of the adapting stimulus, 
but otherwise Addams’ description 
has not been bettered. For more than a 
century the effect Addams described, 
variously know as the Waterfall illusion, 
motion aftereffect or movement 
aftereffect, was investigated in 
laboratories around the world; subjects 
‘adapt’ to a moving stimulus — typically 
a pattern of stripes or moving  
dots — for a period of perhaps  
60 seconds and then, when the 
adapting pattern stops, they experience 
an aftereffect of perceived movement 
in the opposite direction. The generally 
accepted explanation that emerged 
is that there exist detectors tuned to 
different directions of motion and that 
our perception of movement — or the 
lack of it when things are stationary —  
would be mediated by the relative 
responses of detectors tuned for 
Visual aftereffects
Peter Thompson1 and David Burr2
In a now classic paper, Robert Addams 
(834) wrote: 
“During a recent tour of the Highlands 
of Scotland, I visited the celebrated 
Falls of Foyers on the border of Loch 
Ness, and there noticed the following 
phaenomenon. Having steadily looked 
for a few seconds at a particular 
part of the cascade, admiring the 
confluence and decussation of the 
currents forming the liquid drapery 
of waters, to observe the vertical 
face of the sombre age-worn rocks 
immediately contiguous to the 
waterfall, I saw the rocky surface as 
if in motion upwards, and with an 
apparent velocity equal to that of the 
descending water, which the moment 
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Figure . Colour aftereffects. 
Stare at the central black spot for 30 seconds and then divert your gaze to a blank white sur-
face. Complementary coloured afterimages will be seen. The red and green circles will have 
appeared to have switched places as have the yellow and blue.interacting neuronal networks make 
adaptive behavioral decisions. 
Further new avenues opened 
up by recent work on Lymnaea 
may lead to an understanding of 
how learning and homeostatic 
processes interact, to the building 
of sophisticated computer models 
of functional connectivity and 
interacting networks, and even to 
the development of applications to 
artificial complex systems.
At a different level, the discovery 
and structural analysis of a  
glia-derived acetylcholine-binding 
protein that modulates synaptic 
transmission between identified 
neurons of the Lymnaea respiratory 
CPG has provided important cues to 
the structural basis of ligand binding 
in nicotinic acethylcholine receptors 
in vertebrates. This pioneering  
work in Lymnaea opened the way for 
new research that might lead to the 
development of new drugs involving 
nicotinic acetylcholine receptor-
associated diseases.
A recently initiated pilot 
sequencing project is expected to 
result in a cDNA sequence database 
from the CNS, and in turn, will 
potentially lead to a full genomic 
sequencing project of Lymnaea 
stagnalis.
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